glk, the structural gene for glucokinase of Escherichia coli, was cloned and sequenced. Overexpression of glk resulted in the synthesis of a cytoplasmic protein with a molecular weight of 35,000. The enzyme was purified, and its kinetic parameters were determined. Its K m values for glucose and ATP were 0.78 and 3.76 mM, respectively. Its V max was 158 U/mg of protein. A chromosomal glk-lacZ fusion was constructed and used to monitor glk expression. Under all conditions tested, only growth on glucose reduced the expression of glk by about 50%. A fruR mutation slightly increased the expression of glk-lacZ, whereas the overexpression of plasmid-encoded fruR ؉ weakly decreased expression. A FruR consensus binding motif was found 123 bp upstream of the potential transcriptional start site of glk. Overexpression of glk interfered with the expression of the maltose system. Repression was strongest in strains that exhibited constitutive mal gene expression due to endogenous induction and, in the absence of a functional MalK protein, the ATP-hydrolyzing subunit of the maltose transport system. It was least effective in wild-type strains growing on maltose or in strains constitutive for the maltose system due to a mutation in malT rendering the mal gene expression independent of inducer. This demonstrates that free internal glucose plays an essential role in the formation of the endogenous inducer of the maltose system.
In Escherichia coli and most other bacteria, glucose is transported by the phosphoenolpyruvate:sugar phosphotransferase system (PTS) as glucose-6-phosphate (53) , thus eliminating the need for glucokinase in the utilization of glucose. In contrast, the utilization of glucose-containing disaccharides such as lactose, maltose, or trehalose involves the formation of glucose inside the cell and requires its phosphorylation for the effective utilization of the disaccharides. Surprisingly, the presence of a glk mutation (22) does not appear to be a disadvantage in the utilization of these disaccharides. Severe reduction in growth is observed only when, in addition to having the glk mutation, the strain also lacks the ability to phosphorylate glucose via the PTS pathway (14, 59) . Two different findings might be relevant for this phenomenon. In the first, glucose and galactose, the products of intracellular ␤-galactosidase action, have been found in large amounts outside the cell after the uptake of lactose, implying that growth on lactose is mediated via the uptake of the secreted products (PTS-mediated phosphorylation in the case of glucose) (35) . In the second, internal phosphorylation of glucose by the PTS has been evoked (14) . The findings indicate that the enzyme II Glc is also responsible for the utilization of internal glucose.
As a consequence, the interest in E. coli glucokinase has been low. Glucokinase activity in E. coli was measured as early as 1953 (21) , and MM6, an E. coli mutant defective in the utilization of glucose, was shown to contain normal amounts of glucokinase (4) . In that study, the K m of glucokinase in crude extracts for glucose was determined to be 0.7 mM, and that for ATP was determined to be 0.34 mM. To our knowledge, only two glk mutations have been reported (22, 31) . Their presence in an otherwise wild-type background has no Glc Ϫ phenotype. However, recent studies of chemostat cultures growing on micromolar levels of glucose have shown that uptake of glucose under these conditions occurs preferentially by the galactosebinding protein-dependent ABC transporter as free glucose and point to an important role of glucokinase under these conditions and to the role of free internal glucose in the induction of sugar-metabolizing systems (51) .
Our interest in glucokinase is derived from studies of the regulation of the maltose system. This regulon consists of a number of genes whose products are enzymes and proteins involved in the uptake and metabolism of maltose and maltodextrins (11, 65) . The expression of these mal genes is controlled by the transcriptional activator MalT (58) . In the presence of ATP, MalT is activated by binding maltotriose, the inducer of the system (54) . In spite of the exclusiveness of maltotriose in the in vitro MalT-dependent transcription assay, all maltodextrins from maltose to maltoheptaose (and probably longer) will induce the maltose system when present in the medium during growth. With growth on glycerol as a measure of the uninduced level of expression, maltose or maltodextrins induce the mal genes 15-to 20-fold. There are three different ways in which mal gene expression becomes constitutive. (i) malT mutants have been isolated (23, 24) that exhibit high mal gene expression in the absence of inducer (54) . (ii) Mutants in malQ encoding amylomaltase, the key enzyme in the degradation of maltose and maltodextrins, are constitutive provided that glycogen can be synthesized by the cell. This is due to the endogenous formation of maltotriose from glycogen (25) . (iii) Mutations in malK encoding the ATP-hydrolyzing subunit of the system become constitutive for the expression of malK and malE due to the loss of the repressor function of MalK (15, 26, 41, 57) . The constitutive expression of malK-lacZ and other mal genes in a strain lacking MalK function is due to the endogenous formation of maltotriose even in the absence of glycogen. We have provided evidence that the glycogen-independent formation of endogenous maltotriose is due to the action of a maltose/maltotriose phosphorylase. We found that 14 C-maltose can be formed in vivo from 14 C-glucose taken up from the medium in an unphosphorylated form and endogenous glucose-1-phosphate, and subsequently, 14 C-maltotriose can be formed from 14 C-maltose and glucose-1-phosphate. Consistent with the fact that maltotriose can be formed from glucose is the observation that metabolism of trehalose which involves the release of free internal glucose (59) induces the maltose system (39) .
Even in the absence of exogenous carbohydrates, the "uninduced" level of the mal gene expression appears to be endogenously induced. Thus, the high expression of a malK-lacZ fusion strain grown on glycerol is due to the endogenous formation of maltotriose. The question arises whether the formation of maltotriose under these conditions, presumably driven by gluconeogenesis, also takes place with internal free glucose as an intermediate. The concentration of free internal glucose in cells growing on glycerol is very low, and reproducible values cannot be obtained by the usual methods of chromatographic or enzymatic assays. Therefore, we thought of an indirect method to obtain evidence for the participation of free endogenous glucose in the formation of maltotriose, the inducer of the maltose system.
To reduce the internal concentration of free glucose under controlled conditions, we cloned glk, the gene encoding glucokinase, and expressed it under its own promoter. We measured the influence of high glucokinase activity on mal gene expression in strains altered in their mal gene regulation. We found that high glucokinase activity strongly reduced mal gene expression when it was induced by gluconeogenically synthesized maltotriose but not when maltotriose was derived from glycogen.
MATERIALS AND METHODS
Bacterial strains, growth conditions, and genetic techniques. Strains were grown at 37ЊC in Luria-Bertani broth (LB), tryptone broth, or minimal medium A (MMA) (48) supplemented with 0.2% carbon source. The antibiotics ampicillin, tetracycline, kanamycin, and chloramphenicol were used at final concentrations of 100, 5, 100, and 30 g/ml, respectively. The chromogenic indicator substrate for monitoring ␤-galactosidase expression, 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal), was used at 40 g/ml. Strain constructions were done by P1 vir transduction (48) . The strains used are listed in Table 1 .
Tn10 insertion mutagenesis into plasmid pCSF2 was done by the protocol of Kleckner et al. (38) with phage NK1324 harboring the chloramphenicol resistance cassette Tn10(Cam). Plasmid DNA was isolated from pooled chloramphenicol-resistant clones and retransformed into UE79, selected for chloramphenicol resistance, and screened for the loss of the ability to form red colonies on MacConkey indicator plates containing 1% glucose in the presence of 1 mM D-fucose. The plasmid DNA of these clones was analyzed for the position of the Tn10(Cam) insertion by restriction endonuclease digestion. Plasmids pCSF31, -32, -33, and -34 (position of the insertions shown in Fig. 3 ) were chosen for sequencing glk and further studies.
For the transfer of the glk7::Tn10(Cam) of pCSF34 into the chromosome, the recD strain JBC433 was transformed with the 7-kb MluI-PstI fragment of pCSF34 selecting for chloramphenicol resistance. A chloramphenicol-resistant clone was used as the donor, and MC4100 was used as the recipient in a P1-mediated transduction, yielding DM1000. The correct position of the insertion was verified by P1 vir cotransduction with a Tn10 insertion of strain UE79 located next to the pts region, by PCR analysis, and by the enzymatic assays for glucokinase ( Table  2) .
The glk-overproducing plasmid p$1 was constructed by way of PCR with two primers encompassing glk. The first primer was 5Ј-GCAGTTGACATATGACA AAGTATGC-3Ј and corresponds to nucleotides 127 to 152 of the sequence Fig.  3 . pCSF2 was used as template in the PCR. The PCR product was digested with NdeI and SalI. The restriction site for the latter enzyme is located at nucleotide 1193 of the sequence shown in Fig. 3 , downstream of the potential transcriptional termination site (stem-loop) of glk. The NdeI-SalI fragment was ligated into pCYTEXP1, which had been opened with the same two restriction endonucleases. The resulting plasmid, p$1, carried the entire glk gene under the temperature-sensitive repressor control (7). The plasmid gave rise to strong expression of glucokinase after heat induction (see Fig. 5 ).
The glk-lacZ fusion was constructed with the lacZ fusion plasmid pJL30 (46) . Both pCSF2 and pJL30 were digested with BamHI and HindIII. The 2.8-kb fragment of pCSF2 was ligated into pJL30, strain KD26 was transformed, and the transformants were screened for blue colonies on X-Gal-containing LB plates. The resulting plasmid, pDM101, had lost the ability to confer growth on glucose in strain KD26. Sequencing revealed that lacZ was fused in frame to nucleotide 597 of glk (Fig. 3) . To transfer the glk-lacZ fusion into the chromosome, the fusion was recombined onto the transducing phage RS45 (67). The glk-lacZcontaining phage (pDM10) can lysogenize into the att site of any strain. Its position in strain DM1004 was verified by P1 vir-mediated transduction.
DNA methods. Chromosomal DNA was isolated as described by Silhavy et al. (66) . Plasmid DNA was prepared by the alkaline sodium dodecyl sulfate (SDS) method as described by Birnboim and Doly (7). Other standard recombinant DNA techniques are from Sambrook et al. (62) .
DNA sequencing. To sequence glk, plasmids pCSF31, -32, -33, and -34 were used. Plasmid preparation was done with the Qiagen Kit (Diagen GmbH, Hilden, Germany). Double-stranded DNA was denatured (71) and sequenced by the chain termination method (63) with the digoxigenin (DIG) Taq DNA sequencing kit from U.S. Biochemicals/Amersham with the four 5Ј DIG-labeled primers Cam3Ј (5Ј-CGTAACGGCAAAAGCACC-3Ј), Cam5Ј (5Ј-CTGCCTCC AGAGCCTG-3Ј), Glk-3Ј (5Ј-CTCATCGTTAATTCCTCG-3Ј), and Glk-5Ј (5Ј-GAGCGATAATAACAACATGG-3Ј). The Cam primers have their start points at the ends of the chloramphenicol cassettes positioned throughout the glk gene (see Fig. 3 ); the Glk primers originate just outside the glk gene. The analysis of the sequencing reaction was done with the GATC1500 direct blotting electrophoresis system with colorimetric detection on nylon membranes (52) .
Purification of glucokinase. Strain SF120 harboring p$1 was grown in 1 liter of LB at 28ЊC to an optical density of 0.6. The temperature was shifted to 42ЊC, and the cells were grown for 3 h more at 42ЊC. They were then harvested by centrifugation, washed once in 50 mM Tris-HCl (pH 7.6) containing 10 mM MgSO 4 , and resuspended in 15 ml of the same buffer. Cellular extract was obtained by passing the suspension through a French pressure cell at 16,000 lb/in 2 . The suspension was clarified by centrifugation (27,000 ϫ g for 15 min at 4ЊC). Nucleic acids were precipitated with 2% streptomycin sulfate and removed by centrifugation (27,000 ϫ g for 15 min at 4ЊC). The proteins of the supernatant were precipitated with 55% saturated ammonium sulfate. The pellet was resuspended for 1 h at 4ЊC in 40% ammonium sulfate-saturated buffer (50 mM Tris-HCl [pH 7.6] containing 10 mM MgSO 4 ). The supernatant was again precipitated with 55% saturated ammonium sulfate in 50 mM Tris-HCl (pH 7.6) containing 10 mM MgSO 4 , and the pellet was dialyzed against the same buffer (without ammonium sulfate). The last step (done in aliquots) was ion-exchange chromatography through a MonoQ fast-performance liquid chromatography column in the same buffer with a 0 to 300 mM KCl gradient. Homogeneous glucokinase eluted at 120 mM KCl. The pooled fractions were dialyzed against 50 mM Tris-HCl (pH 7.6) containing 10 mM MgSO 4 . The protein was stored at Ϫ70ЊC in the same buffer containing 50% glycerol.
Enzymatic assays. ␤-Galactosidase of malK-lacZ fusion strains was tested in permeabilized cells as described by Miller (48) . ATP-dependent phosphorylation of glucose by glucokinase was assayed in cell extracts by monitoring the formation of NADPH by using excess glucose-6-phosphate dehydrogenase by the protocol of Fraenkel and Horecker (31) except that a higher ATP concentration (7.5 mM) was used. For analyzing the ability of glucokinase to phosphorylate different sugars, the enzyme was incubated with 50 mM sugar (glucose, mannose, galactose, or fructose) in 50 mM Tris-HCl (pH 7.65) containing 10 mM MgCl 2 and 50 mM ATP (that had been titrated to pH 7.65 with NaOH). The assay volume was 100 l and contained 10 g of protein from crude extract of the p$1-harboring strain. As a control, the same strain with the vector plasmid was used. After time intervals, samples of 5 l were spotted onto a thin-layer chromatography (TLC) plate, developed with butanol-ethanol-water (5:3:2, vol/vol/ vol). After drying the TLC plates, the sugar-containing spots were visualized by dipping the plates in methanol containing 2% concentrated H 2 SO 4 , followed by drying and charring for 10 min at 170ЊC.
Polyacrylamide gel electrophoresis in the presence of SDS (SDS-PAGE) was done with a 10% polyacrylamide gel by standard techniques (42) .
RESULTS
Cloning of glk encoding glucokinase. Glucose is usually taken up in E. coli by the PTS. Strains lacking enzyme I (encoded by ptsI), HPr (encoded by ptsH), or enzyme IIA Glc (encoded by crr) cannot grow on glucose (53) . However, when glucose can enter the cell via one or both of the two D-fucoseinducible galactose permeases, the cells can grow on glucose due to the cytoplasmic glucokinase encoded by glk (10) . We used strain UE79 that is mutated in glk and deleted for ptsI, ptsH, and crr. This strain cannot grow on glucose even in the presence of D-fucose, the nonmetabolizable inducer of the galactose permeases. UE79 was transformed with a gene bank of partially digested Sau3A DNA fragments of strain ECL116 (20) ligated into pBR322 (linearized with BamHI) and then screened on MacConkey glucose plates containing 1 mM Dfucose. The plasmid DNA of red clones was isolated and tested for its ability to confer growth of the recipient strain on glucose (in the presence of D-fucose) but not on mannitol as the carbon source. This ensured that we had not cloned pts genes. One plasmid, pCSF1 (Fig. 1) , was used for further studies. The PstI-BamHI fragment of pCSF1 was cloned in pACYC177, yielding pCSF2. With the sequence of glk known, we used two primers encompassing the glk gene to amplify the gene and clone it into the heat-inducible expression vector pCYTEXP1 (7), yielding p$1. The glucokinase activities of strains harboring these plasmids are shown in Table 2 .
Glucose, fructose, galactose, and mannose were tested as substrates by TLC to monitor the reaction products. By using extracts of a glk-overexpressing strain (harboring p$1) and a 50 mM substrate (sugar and ATP) concentration, the reaction was completed in little more than 1 min with glucose as the substrate. Under the same assay conditions, phosphorylation of mannose and galactose could be observed by TLC only after 30 min of incubation as faint spots of the respective phosphates. Phosphorylation of fructose could not be detected (Fig. 2) . Thus, the enzyme is a glucokinase and not a hexokinase. Sequencing glk. pCSF2 was used for insertion mutagenesis with Tn10(Cam) (38) . Plasmid-encoded insertions were screened for loss of the ability to support growth on glucose in strain UE79. Of 167 insertions, 24 were unable to promote growth on glucose. By restriction analysis, the positions of the insertions were determined (four of them are shown in Fig. 3 ). This identified a region on pCSF2 about 1 kb long which, when harboring an insertion, resulted in the loss of glucokinase activity ( Fig. 1; Table 2 ). To obtain a chromosomal null mutation in glk, one of the plasmid-borne glk::Tn10(Cam) insertions (pCSF34) was used. The BamHI-PstI fragment ( Fig. 1 and 3 ) of pCSF34 was isolated, and the recD::Tn10 strain JBC433 was transformed with the linearized DNA fragment. The position of the glk::Tn10(Cam) insertion on the chromosome was verified by P1 vir cotransduction with a Tn10 insertion next to the pts gene cluster, by PCR analysis, and by glucokinase assay of the mutant extract.
For sequencing, primers complementary to the 3Ј and 5Ј ends of the four glk::Tn10(Cam) insertions were used. The nucleotide sequence as well as its deduced amino acid sequence is shown in Fig. 3 . Accordingly, the glk reading frame starts at nucleotide 139 and ends at the TAA stop codon at position 1102. The glk-encoded glucokinase therefore consists of 321 amino acids with a calculated molecular weight of 34,606. By homology, the sequence allows the preliminary identification of potential Ϫ35 and Ϫ10 regions of the putative promoter, a potential ribosomal binding site, and a potential stemand-loop structure, likely to be involved in the termination of transcription (Fig. 3) . We identified a sequence 123 bp upstream of the potential transcriptional start site that is highly homologous to the FruR consensus binding site (49, 55, 56) , indicating that the expression of glk is regulated by this global regulator of carbon metabolism.
The E. coli glk sequence contains a motif that is found in all glucokinases (Fig. 3 ) and thought to manifest the ATP-binding site (1) . The sequence shows varying homology (i.e., percentage of identical amino acids over the entire length of the polypeptide chain) to several known glk sequences of other bacteria, such as Brucella abortus (38%) (29) , Zymomonas mobilis (34%) (6), Streptomyces coelicolor (19%) (2), and Staphylococcus xylosus (15%) (69) .
Purification and characterization of glucokinase. The overexpression of glk revealed a protein with a molecular weight of 35,000. Extracts of heat-induced bacteria harboring p$1 were analyzed by SDS-PAGE in comparison to extracts of the strain with a Tn::10(Cam) insertion in glk, of a strain that carries a plasmid-encoded glk under its own promoter, and of a wildtype strain (Fig. 4) . From this analysis, it was clear that glk encodes a protein with an apparent molecular size of 35 kDa. The cellular extract of strain SF120 harboring the heat-inducible plasmid p$1 was used to purify glucokinase. The purification was achieved by ammonium sulfate precipitation (40 to 55% saturation) followed by ion-exchange chromatography with MonoQ fast-performance liquid chromatography column. The analysis of the different purification steps by SDS-PAGE is shown in Fig. 5 . The specific enzyme activities (in units per milligram of protein) of the different fractions obtained during purification are as follows: crude extract, 23.1; ammonium sulfate precipitation (40 to 55% saturation) fraction, 56.1; MonoQ column fraction, 158.6.
Kinetic constants of glucokinase. The standard test for measuring glucokinase activity by coupling the phosphorylation of glucose to the formation of NADH by glucose-6-phosphate dehydrogenase (31) was used to measure the kinetic constants of the enzyme. With 7.5 mM glucose (nearly saturating) as the substrate, the test was linear with the concentration of glucokinase, and it was not affected by decreasing or increasing the amount of glucose-6-phosphate dehydrogenase by a factor of two, demonstrating that glucose-6-phosphate was not limiting Expression of glk is weakly reduced during growth on glucose and weakly repressed by the global regulator FruR. Plasmid pCSF2 was used to construct a glk-lacZ translational fusion (Fig. 3) . After transfer onto phage , the fusion was integrated as a single copy at the chromosomal phage attachment site. This construct was used to analyze the expression of glk under different growth conditions. Several different carbon sources, such as glucose, maltose, trehalose, and glycerol, were used. Only growth on glucose reduced the expression by 50%. Also, the specific activity of the hybrid ␤-galactosidase did not change during logarithmic growth (with glycerol or maltose as the carbon source) nor during or after entry into the stationary phase of growth. Thus, glk appeared to be constitutively expressed and only weakly repressed by growth on glucose. The presence of a FruR consensus binding site 123 bp upstream of the potential promoter sequence prompted us to test the effect of a fruR mutation on the expression of the glk-lacZ fusion. A fruR::kan insertion (55) was transduced into strain DM1004 (glk-lacZ), and ␤-galactosidase activity was assayed after growth in MMA containing 0.5% Casamino Acids in the presence of different carbon sources. (The introduction of fruR::kan in DM1004 no longer allowed growth in minimal medium with any sugar. Thus, growth on MMA containing 0.5% Casamino Acids in the presence of different sugars was used instead.) Table 3 shows that the fruR mutation resulted in a slight but consistent increase of glk expression. The introduction of a wild-type fruR gene on a multicopy plasmid had the opposite effect. Thus, FruR may act as a weak repressor for the expression of glk.
We also tested the expression of the glk-lacZ fusion in overnight cultures of strains harboring the following mutations: csrA::kan, rpoS::Tn10, lrp::Tn10, ⌬cya, ⌬crp. The expression was not significantly different in these mutants in comparison to that of the wild type.
Overexpression of glk affects mal gene expression. A major purpose of this study was to analyze mal gene expression under conditions in which the ability to remove internal glucose by phosphorylation was increased. As shown in Table 2 , glucokinase activity was increased 13-fold over the chromosomally expressed level in our standard strain MC4100 when the cells contained plasmid pCSF2 harboring glk under its own promoter. In contrast, in the absence of pCSF2, glucokinase activity was no longer measurable in strains carrying the chromosomal glk::Cam insertion. The results with respect to mal gene expression obtained with different strains under inducing (maltose) and noninducing (glycerol) conditions are shown in Table 4 . We monitored malK expression by measuring malKlacZ activity. When the malK-lacZ fusion of the glk ϩ malK ϩ strain HS3084 was measured, the uninduced level was reduced sixfold in the presence of the plasmid, while the induced level was hardly affected (30% reduction). Strong effects were seen in a glk::Tn10(Cam) malK-lacZ fusion strain which normally exhibits constitutive mal gene expression. In this strain, malKlacZ expression was reduced 8.2-fold. The effect was even more dramatic (80-fold reduction) when the expression of the same malK-lacZ fusion was tested in a genetic background carrying not only a mutation in glk but also ptsG ptsM double mutations and thus lacking in addition genes encoding glucosephosphorylating transport systems. In contrast, the constitutive expression of malK-lacZ was not reduced at all by overexpressing glk in malT(Con) or malQ mutants.
DISCUSSION
In this paper, we report the cloning and sequencing of glk, the structural gene for glucokinase. The origin of this clone was E. coli K-12. The cloning of glk from E. coli B has been reported previously (32) . The restriction site analysis for the E. coli K-12 glk gene and the one reported for the E. coli B glk gene did not show any resemblance. Since the relevant E. coli B-derived plasmid was not available and its sequence has not been reported, no further comparison was possible. Recently, it has been reported that a glucose-phosphorylating activity can be released from the periplasm of E. coli by the osmotic shock procedure after the bacteria have been exposed to the stress of overproduction of foreign protein (3). The enzyme was purified from the periplasm and characterized as a protein of 47,000 Da. Since the protein encoded by the glk gene reported here is a protein with a molecular weight of 35,000 and since plasmid-encoded glk did not give rise to the release of glucokinase activity by osmotic shock, we do not believe that these two proteins are identical. In our hands, extracts of glk null mutations do not exhibit any glucokinase activity. Thus, we believe that the glk-encoded enzyme is the only glucokinase in E. coli.
glk genes from several other bacterial sources have been cloned and sequenced (2, 6, 29, 69) . The E. coli glk sequence reported here is homologous to these glk sequences.
We constructed a chromosomal insertion in glk. Extracts of this mutant did not exhibit any measurable ATP-dependent glucose phosphorylation. This indicates that besides the glkencoded enzyme, there is no other ATP-dependent glucosephosphorylating activity. The homology to glucokinases of other organisms and the specificity of the glk-encoded enzyme allow one to characterize this enzyme as a glucokinase and not a hexokinase.
As expected for the regulation of a gene encoding a typical housekeeping enzyme, glk appeared constitutively expressed under all tested conditions of different carbon sources (with the possible exception of glucose) and in strains carrying different mutations in genes encoding global regulators such as csrA (60) , crp (40) , lrp (16) , and rpoS (44) . Only a mutation in fruR (33, 34) abolishing the function of this global regulator (36) had a small stimulating effect on the expression of glk. This is consistent with the twofold reduction in glk expression with glucose as the carbon source. A sequence can be recognized 123 bp upstream of the presumptive transcriptional start site of glk that is close to the consensus sequence of the FruR binding site (49) . FruR has been recognized as a repressor for genes encoding glycolytic enzymes and as an activator for genes encoding gluconeogenic enzymes (55) . Depending on its function, the FruR binding site is either close to the promoter region when acting as a repressor or upstream of the promoter when acting as an activator (8) . This correlation does not seem to hold for glucokinase. Here, FruR acts, if at all, as a repressor, yet its presumed binding site is clearly upstream of the potential promoter region.
Despite the nonessential role of glucokinase, the enzymatic capacity of this enzyme is sufficient to support growth under conditions in which glucose enters the cell without phosphorylation. There is no glucose-inducible active transport system for glucose. However, two galactose transport systems, the proton motive force-driven system (47) and the binding protein-dependent system (64), will transport glucose after proper induction (by the nonmetabolizable D-fucose) or in constitutive mutants (10) . Thus, a ptsG ptsM strain lacking the major glucose-specific PTS can only grow on glucose when glk is functioning.
In our scheme of endogenous induction of the maltose system, free internal glucose plays a key role. Previously, we had proposed the existence of a maltose/maltotriose phosphorylase that would form maltose and maltotriose by the reversible condensation starting with glucose-1-phosphate and free glucose (25) . As we have shown in this publication, the increase of glucokinase activity (13-fold over the chromosomally encoded level) had a pronounced effect on mal gene expression, indicating the importance of free glucose. We conclude that the glucokinase-dependent phosphorylation will reduce the level of internal glucose and, in turn, the formation of maltotriose, thus strongly reducing the endogenous induction of the maltose system. One may argue that the overproduction of glucokinase could alter other cellular metabolites, such as ATP levels or glucose-6-phosphate, or even affect the cellular physiology due to protein overproduction. Any of these situations may have an effect on the maltose system. However, the level of free glucose is expected to be below the range of reasonable measurements (around or below micromolar concentrations) (30) , whereas the level of ATP is in the millimolar range (37) . Thus, the level of ATP is not expected to change upon the phosphorylation of glucose. Also, overproduction of glucokinase only affects the maltose system when the endogenous induction of the system depends on free internal glucose. No effect is observed in a malT(Con) strain (independent of inducer) or in malQ strains, where the inducer maltotriose is derived from glycogen.
Consistent with the proposed function of glucose in the induction of the maltose system is the observation that E. coli, when growing on micromolar levels of glucose in the chemostat, i.e., a condition that favors the entry of glucose via the nonphosphorylating galactose-binding protein-dependent pathway, strongly induces the maltose system (50).
We conclude that E. coli must contain free internal glucose independent of the carbon source. The origin of this internal glucose is not clear. One source could be the (possibly nonenzymatic) release of free glucose from UDP-glucose, in analogy to the formation of free galactose from UDP-galactose identified as the endogenous inducer of the galactose system in galK mutants lacking galactokinase (70) . Another possibility could be the function of a sugar phosphate transferase, an enzyme that was purified from E. coli several years ago (68) . This enzyme catalyzes the transfer of phosphate from sugar phosphates such as glucose-6-phosphate not only to free sugar but also to water, forming free sugar. The presence of this enzyme is supposedly the reason why in crude extracts of tight pgm mutants (45) the formation of glucose-6-phosphate from glucose-1-phosphate (the phosphoglucomutase-catalyzed reaction) can still be observed at a low level and appears to be autocatalytically stimulated by the release of free glucose (51a).
